Glass transition of pomegranate skin was measured by thermal, mechanical, and magnetic resonance techniques. Differential scanning calorimetry thermogram showed a shift (i.e., onset glass transition at 20°C) followed by an endothermic peak (i.e., solids-melting peak at 165°C and enthalpy 140 kJ/kg). Overlapping of the glass transition and melting was observed in the differential scanning calorimetry thermogram; however, more sensitive modulated differential scanning calorimetry allowed to separate two transitions (i.e., glass transition from reversible and melting from non-reversible thermograms). The onset of mechanical glass-rubber transition from differential mechanical thermal analysis was observed at 122°C with a shift in the storage modulus (E′); however, the onset of liquid-like or entangled-reaction dominating transition was observed at 70°C (i.e., onset peak in loss modulus, E′′) and peak at 184°C. In addition onset peak in tan δ was observed at 113°C and peak at 201°C. Spin-spin (T 2 relaxation) and spin-lattice (T 1 relaxation) relaxations in time domain nuclear magnetic resonance was modeled by two-exponential relaxation curve (i.e., rigid and flexible domains). T 2 relaxation showed maximum peak with an onset at 40°C with maximum peak at 150°C. Rigid domain of T 1 relaxation showed a minimum peak onset at 40°C and a minimum peak at 120°C, whereas flexible component showed an onset at 20°C and a minimum peak at 160°C.
Introduction
Thermal characteristics of foods and biomaterials, such as glass transition, stickiness, caking, and melting are important to determine the processing conditions, as well as its stability during storage. The glass transition greatly influences food stability, since matrix becomes kinetically immobilized, therefore, it restricts reactions. [1, 2] It assists in identifying biomaterial's stability during storage as well as selecting suitable conditions of temperature and moisture content for processing. [3, 4] Measurement of glass transition is not straightforward, especially for non-homogeneous complex biomaterials. [5] Thermal analysis, such as differential scanning calorimetry (DSC) is commonly used to measure glass transition, and this technique is most suitable for sugar based and other simple biomaterials. Recent studies showed the difficulty in using DSC for complex biomaterials. [5, 6] In this case modulated DSC and differential mechanical thermal analysis (DMTA) are commonly used. [5, 7] DMTA measures the effect of longitudinal and sinusoidal varying stress on dynamic moduli and modulated DSC measures the reversible and non-reversible components of total heat flow. In some instances, the glass transition measured by DSC are related with the measured values from DMTA [5, 8, 9] and time domain nuclear magnetic resonance (TD-NMR) relaxation. [6] In order to understand different relaxation processes in the biomaterials, the use of combinations of instruments, such as DMTA and DSC could be necessary. [10] However, there are negligible work has been conducted to compare the glass transition measurement by thermal, mechanical, and magnetic relaxation techniques.
Recently interests are growing to use the wastes or byproducts, such as seeds, skins, and waste from fruit pulp to convert these into value added products. In order to convert the skin into different value added functional products, it is important to understand its physico-chemical and structural characteristics. Gambhir et al. [11] measured the T 2 and T 1 relaxations of chilled and frozen-thawed peel and flesh of a naval orange, which could be used to determine the damage during frozen-thawed or chilled injury of orange during storage. However, negligible work of TD-NMR signal characteristics as a function of temperature was presented in the literature. The objectives of this work were to measure the glass transition of pomegranate skin by thermal, mechanical, and nuclear magnetic resonance techniques, and to determine their relationships. The information on the glass transition of pomegranate skin could assist in determining its stability during processing and storage (i.e., retaining its functional components or to develop new functional biomaterials).
Materials and Methods

Materials
Fresh pomegranate fruits (variety: Helow, literally sweet) were purchased from a local farm in Al-Jabal AlAkhdar, Oman and transported to the Laboratory in an electric cooler box maintained at 9°C. Fruits were evaluated for defects visually and were cut into four portions. The arils were separated manually from peels and these were packaged in polyethylene bags (500 g) and stored frozen at -40°C until used for experiments.
Dried Skin Preparation
Peels were cut into 1 cm × 1 cm squares and then placed into different plastic containers (50 mL). It was kept in a freezer at -40°C for at least 16 h. The frozen peels were freeze-dried at 20°C (i.e., drying started at -40°C and ended at 20°C) for 96 h using Edwards K4 Freeze Dryer (Corawky, Crawley, England). Freeze-dried pomegranate peels were placed in an open weighing bottles and stored in an air-tight container maintained at specific relative humidity environments. The humidity was created and maintained at relative humidity 11.1%. This humidity in the chamber was created by saturated lithium chloride salt solution in a beaker placed in the chamber. A layer of salt crystal was maintained in the slurries during the equilibration period, which ensured saturated condition. The samples were equilibrated until constant mass was achieved. Intact pieces were used for mechanical analysis. Equilibrated freeze-dried peels were also ground into powder using a KMF grinder (KIKA Werke, Wilmington, USA) running at 6000 rpm, and used for thermal and magnetic relaxation analyses. DSC DSC (Q10, TA Instruments, New Castle, DE, USA) with a mechanical refrigerated cooling system (i.e., capable to cool up to -90°C) was used to measure thermal characteristics. The instrument was calibrated for heat flow and temperature using distilled water (melting point, mp: 0°C; ΔH m : 334 J/g) and indium (melting point, mp: 156.5°C; ΔH m : 28.5 J/g). An aluminum pan of 30 μL, which could be sealed with a lid, was used in all experiments. An empty sealed pan was used as reference and nitrogen at a flow rate of 50 mL/min was used as the carrier gas. Sample (10 mg) was placed into a hermetically sealed aluminium pan and cooled to -90°C at a rate of 5°C/min, and maintained for 10 min. Subsequently they were scanned from -90 to 300°C at a rate of 10°C/min. The glass transition was identified from a shift (i.e., onset, mid, and end temperatures; specific heat change) in the thermogram line (i.e., plot of heat flow versus temperature) and solids-melting was identified from an endothermic peak characterized as onset, maximum slope, peak, and end temperatures; and area of the peak as the solids-melting enthalpy. Measurement was replicated four times and presented as average with standard deviation.
Modulated DSC (MDSC)
In the case of MDSC (Q1000, TA Instruments, New Castle, DE), samples were scanned from -90 to 200°C at a constant rate 10°C/min with a modulation of 0.5°C amplitude and 40 s period of modulation. The sample preparation and calibration procedures were same as described in the DSC. Thermograms were analyzed from its total, reversible, and non-reversible heat flow. The glass transition was determined from a shift in the reversible heat flow thermogram and solids-melting was determined from an endothermic peak in the non-reversible thermogram. The shift and peak were characterized similarly as discussed in the earlier section of DSC. The average values and standard deviations of three replicates were obtained.
Dynamic Mechanical Thermal Analysis (DMTA)
The DMTA V (Rheometrics, Piscataway, NJ) in compression and parallel-plate geometry was used to determine the E′ (storage modulus), E′′ (loss modulus), and tan δ. Instrument was operated as a compression in vertical orientation (i.e., a motor driven shaft moved upward and downward direction) and it was cooled using a cryogenic accessory with liquid nitrogen from -80°C and then controlled heating was performed up to 300°C. Sample (1 cm × 1 cm) was placed on the round stud attached with drive-shaft and it was sandwiched with another fixed round stud fixed on the top. At 30°C, linear viscoelastic region was determined at a 0.5% compression within the frequency range 0.1-100 Hz. The frequency of 0.1 Hz was selected based on the viscoelastic region as determined during initial experiment. To conduct temperature sweeps, samples were heated at a heating rate of 10°C/min from -80 to 300°C at 0.5% compression with frequency of 0.1 Hz. Different characteristic temperatures were determined from the mechanical spectrum as suggested by Rahman and Al-Saidi. [5] From the storage modulus, a shift or change in slope of E′ was defined as the mechanical-glass transition (onset, glass-leathery transition, T ri and end, onset of rubbery region, T ru ). From the loss modulus, an onset of liquid-like or entangledreaction dominating transition (T rz ) at onset of maximum peak and a peak (T rs ) indicating the start of softening region were determined. In addition, a sub-glass relaxation was also detected with a small peak at low temperature. The tan δ plot showed an onset peak (T di ) and peak (T dp ), respectively.
TD-NMR
TD-NMR measurements were performed by means of a Bruker Minispec 20 MHz RF (mq one with modular or pulse generator, 0.47 T, P20, Karlsruhe, Germany) equipped with NMR data station analysis software. The equipment was calibrated with three standards provided by the manufacturer. The protocol was first optimized with gain, number of scans, and duration of relaxation. Proton spin-spin T 2 relaxation was measured with Carr-Purcell Plus sequence procedure and signal after first 90°pulse was acquired (i.e., fid-cp-mb procedure). Proton spin-lattice T 1 relaxation was measured by inversion recovery pulse sequence (i.e., sat-mb procedure). Table 1 shows the conditions of T 2 and T 1 relaxation used in this study. Free induction decay (FID) signal was recorded automatically and analyzed by bi-exponential function as: [12] 
where S 1 and S 2 are the intensities at any time for T 1 and T 2 relaxations, I 11 , I 12 , I 21 , and I 22 are the first and second onset intensities for first and second linear regions in the cases of T 1 and T 2 relaxations (i.e., pre-exponential factors) and T 11 , T 12 , T 21 , and T 22 are the relaxation times for rigid and flexible domains, respectively, K 1 and K 2 are the offsets for T 1 and T 2 relaxations. The preexponent factors and relaxation times were plotted as a function of temperature in order to identify characteristic relaxation and molecular order in the peels. Powder sample was filled in the NMR tube (inside diameter: 8 mm), placed in an aluminum block and then stored at -80°C for 24 h in a small ultra-low temperature freezer capable to cool up to -120°C. After equilibration, sample tube was quickly placed inside the NMR measurement hole and measured its magnetic relaxation. After measurement, the tube was placed again in the freezer at different preset equilibrium temperatures for 30 min and then measured its relaxation. The sample equilibration time was kept for 30 min until 20°C. The sample tube was heated in a special designed heater supplied by Bruker for the measurement above 20°C. The sample equilibration time was then kept for 5 min.
Results and Discussion Figure 1 shows the DSC and MDSC thermograms of freeze-dried pomegranate skin powder (moisture content: 7.7 g/100 g peel). The DSC thermogram shows an endothermic shift (marked as G), an endothermic peak for solids-melting (marked as M) and an exothermic shift (marked as C) at high temperature after solids-melting (Fig. 1a) . The endothermic shift was due to the glass-rubber transition followed by solids-melting peak. It was difficult to separate the onset of glass transition and solids-melting due to the overlapping of the two thermal processes. Thus two enthalpy values were determined one onset at point "a" and end at e 2 , and another one onset at point "b" and end at e 1 . The onset glass transition was observed at 20°C (specific heat change at transition: 1058 J/kg K), while onset and peak of the melting endotherm were observed at 47 and 165°C (enthalpy: 140 kJ/kg), respectively (Table 2) . However, glass transition shift and endothermic peak for solids-melting can be separated using MDSC, as discussed later. The exothermic shift (marked as C in Fig. 1a) , after solids-melting, was due to the interactions of different melted components in the matrix. Similarly exothermic peak after solids-melting was observed in the case of dried milk [13] and date-pits. [7] The MDSC thermogram (i.e., total heat flow) shows a shift (marked as G) and an endothermic peak (Fig. 1b) . The total heat flow thermogram can be separated as reversible (i.e., processes for the specific heat changes) and non-reversible heat flow (i.e., processes involved latent heat). The non-reversible heat flow indicated glass transition through a shift (marked as G) and increase in specific heat (marked as S) due to the structure formation in the rubbery state (Fig. 1c) . The structure formation was also observed by Lu et al. [14] after the end of glass transition if two amorphous and/or crystalline components were present. The non-reversible heat flow thermogram showed two main endothermic peaks, one for melting of wax in the skin (marked as N) and another one for solids-melting (marked as M; Fig. 1d ). The data of glass transition, wax-melting, and solids-melting are presented in Table 2 . The onset glass transition from the reversible heat flow was observed at 11°C (specific heat change: 247 J/kg K). The lower value was due to the relaxed sample in MDSC as compared to the relatively stiff sample in DSC during heating. Modulated heating in MDSC caused relaxation while heating. The lower specific heat change (220 J/kg) as compared to DSC (i.e., 1058 J/kg K) also justified more relaxed molecules. However, another possibility of the difference in specific heat changes could be due to the interference of the melting process to the state change. The reversible heat flow also showed structure building at 119°C after glass transition (Table 2) . Considering non-reversible heat flow, the wax-melting peak at 46°C (enthalpy change: 0.5 J/kg K) and solids-melting peak at 152°C (i.e., enthalpy change: 167 kJ/kg). The melting point of candelilla wax was varied from 67.0-79.0°C, [15] whereas sugarcane wax varied from 77.6-80.0°C. [16] However, the melting temperature was reduced to 40°C when these wax were used in preparing organogels, [17] which was similar to the results observed in this study. In the case of DMTA, initial trial indicated that 0.5% compression provided good contact and reproducibility during complete temperature scan. Figure 2a shows the storage modulus (E′) measured at 0.5% compression as function of frequency. This figure indicates that the peel at 0.5% compression showed the viscoelastic region up to frequency of 1 Hz, thus 0.1 Hz was used for DMTA measurement and characteristic temperatures are shown in Table 3 . The storage modulus (E′) shows an onset shift (T ri ) at 122°C considered as mechanical-glass transition and end (T ru ) at 216°C considered as onset of rubbery or end of leathery transition (Fig. 2b) . The loss modulus (E′′) showed an onset peak (T rz ) at 70°C and peak (T rs ) at 184°C (Fig. 2c) , whereas tan δ showed an onset peak (T di ) at 113°C, and peak (T dp ) at 201°C, respectively (Fig. 2d) . The lower value of T rz as compared to T ri could be related with the structural characteristics of pomegranate peel considering cellulosic (i.e., fibers) network (back-bone of the structure), which was filled with the cementing materials (mainly polysaccharides and wax). The mobility or softening or weakening started first on the cementing components at 70°C without affecting the backbone; however, the softening of the back-bone started at 122°C as evidence from the storage modulus spectra. Other characteristic temperatures at higher temperature indicated the mechanical softening of the complete cellular matrix, which was similar to the end of the solids-melting determined from DSC and MDSC. Earlier literature showed that mechanical-glass transition of biological materials observed more at higher temperature as compared to the thermal-glass transition. [9] In the case of organogel (i.e., soft fat gel), the behaviors of modulus and tan δ was observed similar but the shift of modulus and onset of tan δ peak were observed at the same temperature. [17] In the case of date fruit, T gi was observed at -50°C by DSC (heating rate: 10°C/min) whereas T ri and T rp were observed at -20 (i.e., 30°C higher) and 20°C, respectively as measured by MDSC. [5] Jankowsky et al. [18] observed increased glass transition due to the inclusion of fibers in polymer composites as compared to the composites without fibers. In addition fibers orientation played a role in increasing glass transition. They pointed that fibers restrict the (2) 137 (24) 165 (21) 211 (6) 243 (6) 140 ( 11 (1) 14 (1) 17.9 (0.3)
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Spin-spin T 2 relaxation
Pre-exponent (i.e., intensity) characteristics literature. [21, 22] Hills and Pardoe [23] observed similar trends in the case of T 21 and T 22 relaxation times for 10% water-maltose. In the case of frozen fish fillet (T 21 from -50 to 30°C), Pitombo and Lima [24] also observed similar curve with a critical temperature at -22.4°C with slow increase up to -6.3°C followed by a sharp increase and then nearly constant region. They pointed that these critical temperatures are related to the melting of ice during heating. In the case of starch gel, this critical temperature was related to the T m ′ (i.e., end of melting or onset of glass transition after maximalfreeze-concentration condition). [25] Chung et al. [26] also observed similar behavior for T 21 in the cases of different food powders and determined that the peak temperature was related to the sticky point of power. In the case of maize, Borompichaichartkul et al. [27] observed similar curve for T 22 , while a sharp increase in the T 21 was also observed at low temperature.
In the case of T 1 relaxation, T 11 showed little rise in relaxation up to a critical temperature 40°C (i.e., onset of minimum peak, marked as r) and then decreased to a minimum peak at 120°C (marked as j; Fig. 3c ). Kruk et al. [28] also observed similar behavior in the cases of organic compounds and they identified that the onset peak temperature was related to the glass transition. Similarly T 12 showed an onset of minimum peak at 20°C (marked as k) and minimum peak at 160°C (marked an n; Fig. 3d ). This indicated that onset peak (i.e., 20 or 40°C) could be related to the glass transition (11 or 20°C) as measured by thermal DSC or MDSC. However, it was clear that low frequency TD-NMR determined relaxation at little higher temperature (i.e., 20-29°C higher than thermal transition). The T 2 relaxation (i.e., direction to the magnetic field) was generally associated with the thermal motion (i.e., mainly vibration) of the molecules. In the glassy state, the relaxation times of the rigid and flexible domains were 8.6 and 20 μs, respectively. However the onset of softening for the rigid and flexible domains started with relaxation times at 20 and 788 μs, respectively. The matrix acted as a solid-like (i.e., consolidate mass) in the glassy state since it lost their segmental mobility. However, in the rubbery state (i.e., above its glass transition) such motion was intensified due to the increased the pendants and segments mobility of the molecules. This caused steeper slope in the T 2 relaxation in the rubbery state with increasing temperature. [6] In the case of T 1 relaxation (i.e., perpendicular to the magnetic field), there was little molecular rotation in the glassy state. In the glassy state, the relaxation times of the rigid and flexible domains were 85 and 404 ms, respectively. However, the onset of softening for the rigid and flexible domains started with relaxation times at 22 and 30 ms, respectively. The comparisons of the T 2 and T 1 relaxation indicated that molecular rotation (i.e., observed from T 1 , perpendicular to the magnetic field) in the glassy state was two orders low as compared to the vibrational motion (i.e., observed from T 2 , parallel to the magnetic field). Thus, reactions dominated by molecular vibration (segmental motion) could be initiated much early in the glassy state. The low T 1 relaxation was due to the proton rotation at a frequency much lower than the resonance frequency. The number of low protons rotating at the resonance frequency caused lower dynamic contribution to the T 1 relaxation process. This inefficient released spin energy to the lattice took a long equilibrium time. However, T 1 relaxation decreased above glass transition due to the increased number of protons rotating at the resonance frequency as the sample transformed to rubbery state (i.e., structure was transformed from rigid to soft-flexible). The T 1 relaxation was expected to increase again due to the thermal motion of the molecules in the rubbery state. [6] Comparing the viscoelastic relaxation, de la Batie et al. [29] showed that local motion observed by T 1 relaxation belong to the glass transition phenomena. Using T 21 , Ries et al. [30] used Vogel-Tamman-Fulcher equation to predict the glass transition which was similar to DSC glass transition. Ruan et al. [6, 31] measured low field NMR of food polymer by T 2 and T 1 relaxations; and they observed turning point in the T 21 and T 11 plots as a function of temperature. The turning point was related with the DSC glass transition. However, the trends and shapes of the curves depended on the type of materials [22] The first maximum peak of T 11 at 40°C (marked r in Fig. 3c ) could be related to the glass transition (11 or 20°C) as measured by thermal DSC or MDSC. The maximum or minimum peak (i.e., 120, 150, or 160°C) was related to the softening or sticking point similar to solids-melting (152 or 165°C) as measured by thermal analysis. Chung et. al. [26] compared the glass transition of caramel (i.e., sugar-based syrup) measured by DMTA and NMR techniques. They observed that the glass transition measured by DMTA (i.e., maximum peak in the storage modulus) was 0.5-11.5°C lower as compared to the measured from T 2 relaxation, whereas it was 5.8-8.1°C higher as compared to the T 1 relaxation. However, these differences decreased with the increase of polydextrose content in the case of T 2 relaxation, while opposite trend was observed in the case of T 1 relaxation. Figure 4 shows the onset intensity (i.e., pre-exponent factor) of T 1 and T 2 relaxation and characteristic temperatures are shown in Table 5 . Onset rise in I 21 reached a plateau (marked as I in Fig. 4a ) at -20°C, followed by a sharp exponential decay (onset marked as c, 30°C and constant value reached marked as e at 150°C). The slow relaxation component, I 22 remained constant up to 70°C (marked as o in Fig. 4b ) followed by a maximum peak marked as p (140°C). The pre-exponent for T 1 relaxation showed different nature as shown in Figs. 4c and 4d . The characteristic temperatures are shown in Table 5 . In the literature negligible efforts were made to relate these transitions with the physico-chemical characteristics of the materials.
Conclusion
The onset peak temperature of T 2 and T 1 relaxation times (i.e., 20 or 40°C) could be related to the glass transition as measured by thermal DSC or MDSC (i.e., 11 or 20°C) indicating that the change in magnetic TD-NMR relaxation (i.e., change in slope) at little higher temperature (i.e., 20-29°C higher than thermal transition). However, mechanical glass transition (i.e., mechanical relaxation) from the onset shift of storage modulus (i.e., 122°C) and onset peak of loss modulus (i.e., 70°C) were observed at much higher than thermal and magnetic relaxation. This could be explained by the structural characteristics of the pomegranate peel. Thermal and magnetic relaxations observed at their molecular level, whereas mechanical relaxation occurred at the macro-structural levels considering cellulosic backbone with cementing components (i.e., sugars, pectin, and wax). In addition, TD-NMR could identify many other characteristic temperatures varied from -20 to 193°C and these could be related to other physico-chemical process in the peels during heating. Future works need to 
